INTRODUCTION
Aminoglycoside antibiotics, like gentamicin, are clinically essential pharmacotherapeutics to treat severe bacterial infections due to their efficacy and low cost (1) . Inner ear uptake of aminoglycosides can lead to sensory hair cell death and lifelong hearing loss (1-3), resulting in huge socioeconomic costs in acquiring listening and spoken language skills, or achieving academic milestones that influence quality-of-life measures for affected individuals (4) . Notably, bacteriogenic induction of inflammation exacerbated aminoglycosideinduced hearing loss (cochleotoxicity) in mice (5) and potentially in humans (6) . Thus, the very patients with severe systemic infections (and thus inflammation) treated with lifesaving aminoglycosides have a higher risk of drug-induced cochleotoxicity. The mechanisms by which inflammation exacerbates aminoglycoside-induced cochleotoxicity remain undetermined.
The hydrophilic aminoglycosides predominantly enter inner ear sensory hair cells by permeating the mechanoelectrical transduction channel, TMC1 (7, 8) , as well as via endocytosis (9) . The transient receptor potential vanilloid (TRPV) channel family contains six nonselective cation channels, of which one-TRPV1-can be activated by capsaicin, the pungent component of chili peppers (10) . Agonists and antagonists of TRPV1 can mediate cellular uptake of fluorescent gentamicin (11) . In the rodent cochlea, TRPV1 is expressed in the stria vascularis, as well as in inner and outer hair cells (IHC and OHC, respectively) (12, 13) , key locations in the trafficking of aminoglycosides from the bloodstream into sensory hair cells (14) . Inflammatory signaling pathways up-regulate cochlear expression of TRPV1 (15) . Therefore, we tested the hypotheses that induced TRPV1 expression (i) facilitates cellular uptake of aminoglycosides and cytotoxicity in vitro, (ii) enhances hair cell uptake of aminoglycosides during systemic inflammation in vivo, and (iii) exacerbates aminoglycosideinduced cochleotoxicity. Our data here support these hypotheses.
RESULTS

TRPV1 expression analysis and TRPV1 cell line generation
In immunoblots of lysed kidney cell lines using TRPV1 antisera, mouse kidney proximal tubule [KPT, clone 2 and 11 (KPT2 and KPT11)] cells exhibited weak band densities at ~95 kDa, the expected molecular mass of TRPV1 (10) . Cell lysates from murine kidney distal tubule [KDT, clone 3 (KDT3)] and mouse distal convoluted tubule (MDCT) cells exhibited stronger band densities at ~95 kDa ( Fig. 1A and fig. S1A ). Similarly, TRPV1 immunofluorescence was present in KPT11 and MDCT cells, with little fluorescence in KPT2 and KDT3 cells (Fig. 1B) . Stable cell lines expressing TRPV1 were generated using KPT2 cells. Four KPT2-derived cell lines expressing TRPV1 (KPT2-Trpv1) and three empty retroviral vector control cell lines (KPT2-pBabe) all retained the parental KPT2 epithelioid morphology ( fig. S1B ). In immunoblots, control KPT2-pBabe cells had very weak, or nonspecific, band density compared to two TRPV1-expressing KPT2-Trpv1 clones with strong band densities at ~95 kDa ( fig. S1C ). Immunofluorescence revealed robust TRPV1 immunofluorescence in KPT2-Trpv1, but not in KPT2-pBabe, cells ( To validate imaging data, we used enzyme-linked immunosorbent assays (ELISAs). Significantly increased levels of GTTR ( Fig. 2C ) and native gentamicin (Fig. 2D) were observed in (i) KPT2-Trpv1 cells compared to KPT2-pBabe cells, (ii) RTX-treated KPT2-Trpv1 cells compared to RTX-treated KPT2-pBabe cells or untreated KPT2-Trpv1 cells, and (iii) KPT2-Trpv1 cells compared to I-RTX-treated KPT2-Trpv1 or KPT2-pBabe cells (P < 0.05). These data support the hypothesis that TRPV1 facilitates gentamicin entry into cells, as also reported for TRPV4 channels (16) .
TRPV1-mediated uptake of gentamicin is attenuated by extracellular [Ca
2+
] Cation flux through TRPV1 (and other TRPV) channels is modulated by extracellular concentrations of Ca 2+ (10, 16) . KPT2-Trpv1 cells treated with GTTR in culture media with 2 mM extracellular [Ca 2+ ] had significantly reduced GTTR fluorescence compared to cells in culture media without extracellular [Ca 2+ ] (P < 0.05; Fig. 3, A and B) . Extracellular [Ca 2+ ] (2 mM) did not modulate TR fluorescence in KPT2-pBabe cells (Fig. 3, B and D) . TRPV1 agonists (capsaicin and RTX) significantly increased GTTR fluorescence in KPT2-Trpv1 cells but not in KPT2-pBabe cells (P < 0.05; Fig. 3, A and B and fig. S2 ). Agonist-enhanced GTTR uptake in KPT2-Trpv1 cells could be significantly attenuated by 2 mM extracellular [Ca 2+ ] (P < 0.05; fig. S2 ). These data support the hypothesis that TRPV1 facilitates gentamicin entry into cells and that the TRPV1-mediated cellular uptake of gentamicin can be modulated by extracellular [Ca 2+ ], suggestive of permeation through the TRPV1 channel pore, as for TRPV4 (16) .
Activation of heterologous TRPV1 exacerbates gentamicin-induced cytotoxicity
Caterina et al. (10) reported that capsaicin potentiated cytotoxicity in cells heterologously expressing TRPV1. These cells were incubated in culture media supplemented with the aminoglycoside antibiotic streptomycin for prophylaxis against bacterial contamination. To test whether aminoglycosides are more cytotoxic when TRPV1 is activated, we used a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay for cell viability (17) . The viability of parental KPT2, KPT2-pBabe, or KPT2-Trpv1 cells was not significantly altered when exposed to capsaicin or capsazepine alone (3 or 15 M; fig. S3A ). Incubation with 10 mM gentamicin for 3 hours did not significantly reduce the viability of KPT2, KPT2-pBabe, and KPT2-Trpv1 cells (Fig. 4A ). KPT2-Trpv1 (but not KPT2 or KPT2-pBabe) cells were significantly more susceptible to gentamicin-induced cytotoxicity in the presence of TRPV1 agonist capsaicin (P < 0.05) but not when gentamicintreated cells were coincubated with capsazepine, a TRPV1 antagonist (Fig. 4A and fig. S3B ).
MDCT cells with endogenous expression of TRPV1 ( Fig. 1 ) were susceptible to incubation with 10 mM gentamicin for 3 hours, and this cytotoxicity could be significantly attenuated when coincubated with capsazepine (P < 0.05; fig. S3B ). Capsaicin significantly exacerbated gentamicin-induced cytotoxicity in MDCT cells (P < 0.05; fig. S3B ). Thus, expression and activation of TRPV1 exacerbate gentamicininduced cytotoxicity, further implicating the involvement of TRPV1 in cellular uptake of gentamicin and subsequent drug-induced cytotoxicity. Agonists and antagonists of TRPV1 do not affect the bactericidal efficacy of aminoglycosides ( fig. S4) . 
Knockdown of TRPV1 mitigates gentamicin-induced cytotoxicity
Since activated TRPV1 exacerbates gentamicin-induced cytotoxicity, we wondered whether knockdown of endogenous TRPV1 in MDCT cells (Fig. 1, A and B) mitigated gentamicin-induced cytotoxicity. In MDCT cells transfected with control small interfering RNA (siRNA), TRPV1 immunofluorescence remained robust, while transfection with siRNA for TRPV1 robustly knocked down visible TRPV1 immunofluorescence (Fig. 4B) . Expression of RNA for TRPV1 in MDCT cells was significantly diminished by siRNA for TRPV1 (P < 0.05; Fig. 4C ). Transfection with siRNA for TRPV1 did not affect cell viability compared to control siRNA-transfected cells (Fig. 4D) . siRNA knockdown of TRPV1 significantly ameliorated the degree of gentamicin-induced cytotoxicity (P < 0.05; Fig. 4D ). Thus, endogenous TRPV1 expression levels modulate gentamicininduced cytotoxicity. In toto, our in vitro data implicate a pivotal role for TRPV1 in cellular uptake of gentamicin and subsequent cytotoxicity.
TRPV1 expression in the kidney and cochlea
In vibratome sections of wild-type kidneys, TRPV1 immunofluorescence is prominently localized in the apical brush border of proximal tubule cells, as well as the soma of proximal and distal tubule cells (Fig. 5A) , and less intensely in glomerular cells ( fig. S5 ). Negligible immunofluorescence is present in kidney cells following incubation with antigen-adsorbed TRPV1 antibodies (Fig. 5A) .
In the stria vascularis, TRPV1 is strongly immunolocalized near the lumenal surface of marginal cells, with weak labeling in intermediate cells (Fig. 5, B and C) . Stronger, more punctate TRPV1 immunolabeling is present in basal cells and fibrocytes (Fig. 5 , B and C). Negligible fluorescence was present in strial cells or fibrocytes following incubation with antigen-adsorbed TRPV1 antibodies (Fig. 5B) . In the organ of Corti, punctate TRPV1 immunofluorescence is present at the level of the cuticular plate, reminiscent of the cytoplasmic channels through the cuticular plate of OHCs (18, 19) . Similar labeling patterns also occur around the periphery of the IHC apices and on the modiolar side of IHCs, close to the cuticular plate (Fig. 5D) , akin to the previously described distribution of microtubules adjacent to the cuticular plate (18, 19) . The cuticular plates of IHCs and OHCs are less intensely labeled for TRPV1 (Fig. 5D) , with less intense labeling in the hair cell bodies (not shown). In supporting cells, more intense TRPV1 immunofluorescence is localized in the inner pillar cell phalanges, outer pillar cell phalanges, and Deiters' cell phalanges (Fig. 5D) , as for guinea pigs (12) .
LPS enhances TRPV1 expression and hair cell uptake of GTTR in cochlear coil explants
In preclinical models, cisplatin up-regulated cochlear expression of TRPV1 (13) . TRPV1 agonists exacerbated cisplatin-induced cochleotoxicity, and conversely, knockdown of TRPV1 expression attenuated cisplatin-induced cytotoxicity (20) . Since exposure to bacterial lipopolysaccharides (LPS) increased cochlear uptake of aminoglycosides (5), we examined whether LPS exposure increased cochlear expression of TRPV1 and uptake of GTTR by hair cells. To best assess whether hair cell uptake of GTTR can be mediated by TRPV1, we explanted murine neonatal cochlear coils (21) from Pcdh15 knockout (KO) pups that lack protocadherin-15 (22) . Protocadherin-15 is an essential component of stereociliary tiplinks that mechanically gate the aminoglycoside-permeant TMC1 channels expressed by inner ear sensory hair cells (7, 22, 23) .
In cochlear coil explants from heterozygous Pcdh15 +/− and Pcdh15 KO pups, strong TRPV1 immunofluorescence is present at the phalangeal apices of Deiters' cells, as well as inner and outer pillar cells (Fig. 6, A and B ), similar to that described for adult wild-type mice (Fig. 5) . IHC apices displayed less intense TRPV1 immunofluorescence than supporting cell apices, with weaker expression in OHC apices (Fig. 6, A and B) . Twenty-four hours after a 1-hour exposure to LPS (1 g/ml), significantly increased TRPV1 immunofluorescence was present for these cell types in both Pcdh15 +/− and Pcdh15 KO cochlear coil explants (P < 0.05; Fig. 6B ).
In cochlear coil explants incubated with GTTR for 30 min before fixation, GTTR fluorescence was visibly more intense in Pcdh15 ], without modulating GTTR levels in KPT2-pBabe cells (P > 0.05; n = 4 per group). ELISA data for cellular levels of GTTR (C) and native gentamicin (D) support imaging data described in (A) and (B) (*P < 0.05; n = 4 per group). Error bars, SD.
OHCs and IHCs than in hair cells from Pcdh15 KO mice (P < 0.0001; Fig. 6C ), consistent with a loss of TMC1 conductance in Pcdh15 KO explants (22) and, consequently, reduced GTTR permeation of TMC1 channels. Exposure to LPS significantly increased GTTR fluorescence in OHCs and IHCs in Pcdh15 +/− and Pcdh15 KO explants compared to explants without LPS exposure (P < 0.0001; +/− and Pcdh15 KO mice (Fig. 6C) , suggestive of Trpv1-facilitated GTTR uptake; however, this did not reach statistical significance. Thus, LPS upregulated the expression of TRPV1 at the reticular lamina of organ of Corti explants and increased OHC uptake of GTTR. Furthermore, the LPS-enhanced uptake of GTTR was substantially greater in Pcdh15 +/− OHCs than in OHCs from Pcdh15 KO cochlear explants, suggesting that LPS exposure, and/or greater TRPV1 expression, modulated TMC1 channel conductance and thereby GTTR entry kinetics into OHCs.
LPS-enhanced cochlear TRPV1 expression and GTTR uptake in vivo are dependent on TLR4
In Pcdh15 KO mice, OHCs begin to degenerate a few weeks after birth (24) , precluding in vivo experiments with Pcdh15 KO mice in vivo. Since LPS sensitizes, and up-regulates expression of, TRPV1 via Toll-like receptor 4 (TLR4) signaling (15, 25) , we assessed whether LPS up-regulated cochlear (and renal) expression of TRPV1 and enhanced OHC uptake of GTTR in wild-type, TLR4 KO, or Trpv1 KO mice in vivo. Twenty-four hours after intravenous (i.v.) injection, LPS (1 mg/kg) significantly enhanced cochlear immunoexpression of TRPV1 in the marginal cells and reticular lamina of wild-type, but not Tlr4 KO, cochleae (P < 0.05; 
LPS exacerbates kanamycin-induced hearing loss in wild-type, but not in Trpv1
+/− or Trpv1 KO, mice Since systemic LPS exposure increased cochlear expression of TRPV1, OHC, and marginal cell uptake of aminoglycosides ( Fig. 7) , as well as cochleotoxicity (5), we hypothesized that Trpv1 KO mice would have reduced auditory brainstem response (ABR) threshold shifts following aminoglycoside treatment compared to wild-type mice. As chronic dosing with gentamicin is systemically lethal to mice, we used a validated ototoxicity protocol using a related aminoglycoside, kanamycin (3, 5) . For each murine strain (wild-type C57BL/6; heterozygous Trpv1 +/− or Trpv1 KO), one group received LPS (1 mg/kg, i.v.) the day before kanamycin treatment and on the 5th and 10th day during a 15-day course of kanamycin treatment (850 mg/kg, twice daily). ABR thresholds were obtained from agematched mice 21 days after injections, and shifts from baseline were determined (Fig. 8) . The 3-week post-treatment time point is an established benchmark for determining permanent threshold shifts (PTS) in preclinical ototoxicity studies (3, 5) .
Three weeks after Dulbecco's phosphate-buffered saline (DPBS) treatment, wild-type and Trpv1 +/− mice had significant threshold shifts (P < 0.01) at all frequencies (except 16 kHz; see tables S1 and S2 for all P values), likely due to early onset of age-related hearing loss (26) . Trpv1 KO mice had significant threshold shifts only at higher frequencies, i.e., at 24, 32, and 48 kHz, compared to pretreatment baselines (P < 0.01; table S3). These PTS generally did not differ significantly between strains, although Trpv1 +/− mice differed significantly from other strains at 12 and 32 kHz (P < 0.001; Fig. 8A and table S4). After LPS treatment, Trpv1 KO mice had significantly greater PTS at 48 kHz than other strains (P < 0.001; Fig. 8A 
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DISCUSSION
Identifying the molecular mechanisms that facilitate aminoglycoside entry into cochlear sensory hair cells is crucial to develop effective strategies to prevent cochleotoxicity during lifesaving gentamicin pharmacotherapy. Aminoglycosides can enter cells via endocytosis (9, 27) , nonselective cation channels including TRP channels and mechanoelectrical transduction channels (7, 16, 23, 28) , or electrogenic transporters like the sodium glucose transporter-2 (SGLT2) (17) . Our data here implicate TRPV1 as another channel mediating cellular uptake of aminoglycosides and, crucially, enhanced cochleotoxicity during systemic inflammation.
Agonists of TRPV1 include heat (>43°C), capsaicin, protons (10), and other endogenous stimuli (29) . TRPV1 is expressed throughout the cochlea, and activation by capsaicin elevates auditory thresholds with correspondingly reduced cochlear microphonics and otoacoustic emissions, implicating a regulatory role in cochlear physiology (12, 13) . TRPV1 has a pore diameter of ~1 nm (30) that can be dilated by agonists (31), sufficient to allow permeation by organic molecules like gentamicin with a maximal cross-sectional diameter of ~0.8 nm (11) . Capsaicin activation of heterologously expressed TRPV1 induced cell death in aminoglycoside-laden culture media (10), implicating TRPV1 involvement in aminoglycoside-induced cytotoxicity. Aminoglycosides first enter hair cells before exerting their cytotoxic effect (2) .
Our in vitro experiments show that TRPV1 agonists increased cellular uptake of (fluorescently tagged) gentamicin and subsequent cytotoxicity. Increasing extracellular [Ca 2+ ] inhibits inward currents mediated by TRPV1 (10), decreased cellular uptake of (fluorescently tagged) gentamicin, and ameliorated drug-induced cytotoxicity. Knockdown of endogenous TRPV1 also abrogated gentamicininduced cytotoxicity. These data are consistent with the hypothesis that gentamicin permeates through TRPV1 channels before exerting cytotoxicity.
Activation of TLR4 can potentiate TRPV1 activity (25, 32) , and LPS is a potent TLR4 agonist. In organ of Corti explants from Pcdh15 KO mice that lack stereociliary tiplinks gating the aminoglycoside-permeant transduction channels (7, 8, 22) , we found that LPS exposure up-regulated expression of TRPV1 in hair cells and marginal cells and enhanced uptake of GTTR. In vivo, systemic LPS also up-regulated TRPV1 expression in marginal cells and hair cells in wild-type mice but not in Tlr4 KO mice. Systemic LPS also increased cochlear expression of TRPV1 mRNA in wildtype, but not in Tlr4 KO or Trpv1 KO, mice. Furthermore, systemic LPS exposure also enhanced OHC uptake of GTTR in wild-type mice but not in Trpv1 KO mice.
Although TRPV4 and the glucose transporter SGLT2 are also gentamicin permeant, TRPV4 is down-regulated in inner ear ganglia following chronic kanamycin treatment (33), while SGLT2 is not normally expressed in the cochlea (17) . Aminoglycosides are readily taken up by auditory (and vestibular) neurons (33, 34) that could lead to dysfunctional neural activity. Our data here suggest that systemic LPS activates TLR4 to up-regulate cochlear expression of aminoglycoside-permeant TRPV1. This may partially (or wholly) underlie our previous report that systemic LPS-induced inflammation increased cochlear uptake of aminoglycosides and exacerbated subsequent cochleotoxicity (5). This interpretation is consistent with physiological activation of TRPV1 by LPS (and the anti-cancer therapeutic, paclitaxel) in dorsal root ganglia and human embryonic kidney 293 cells (25) . TRPV1 also has intracellular physiological roles, and cisplatin treatment up-regulates TRPV1 expression and TRPV1-mediated generation of reactive oxygen species (ROS), driving subsequent cochleotoxicity (13, 15, 20) . Aminoglycosides also induce toxic generation of ROS and subsequent cytotoxicity (1) . Notably, inhibition of TRPV1 decreases downstream levels of pro-apoptotic signal transducer and activator of transcription-1 (STAT1) relative to pro-survival STAT3 to promote hair cell survival (20, 35) . Thus, the improved survival of hair cells and auditory function in mice with mutant Trpv1 (compared to wild-type mice) during chronic kanamycin (with or without LPS) treatment could also be due to the loss of signaling downstream from TRPV1, as well as reduced TRPV1-mediated aminoglycoside trafficking in the cochlea and uptake by hair cells reported here.
This mutant TRPV1 allele produces a truncated protein product lacking part of the fifth and the entire sixth transmembrane domains that line the channel pore (36, 37) . The C-terminal region of this truncated protein in both heterozygous and Trpv1 KO mice contains the antigen recognized by the TRPV1 antibody used here, as described previously (38) , and has the same distribution as in wild-type mice ( fig. S10 ). Hence, we used the antigenic peptide as our immunocytochemical control. Multiple studies have validated the lack of TRPV1 functionality using these mutant mice (39, 40) . In addition, TRPV1 can be activated (or modulated) by a variety of agonists (or antagonists) that often have nonoverlapping activation (or modulation) sites in the intracellular (Ca 2+ desensitization), extracellular (protons), or channel pore (capsaicin) domains of TRPV1 (41) . Thus, our in vivo data may be due to dysfunctional TRPV1 activation/ modulation sites independent of the capsaicin-binding site predominantly activated during in vitro studies.
By using Tlr4 KO mice, we avoided the confounding influence of perturbed protein expression and intracellular activity of TRPV1 in heterozygous and KO Trpv1 mice. The up-regulation of TRPV1 mRNA and protein expression by LPS in wild-type mice was abolished in Tlr4 KO mice. Similarly, LPS-enhanced cochlear uptake of gentamicin and cochleotoxicity in wild-type mice was also abrogated in hypofunctional HeJ (Tlr4) mice (5) . These data substantiate the decreased aminoglycoside uptake and subsequent cytotoxicity during exposure to TRPV1 antagonists or siRNA knockdown of TRPV1 in vitro. Thus, we show an apparent correlation between TLR4 activation and up-regulated TRPV1 expression leading to enhanced cochleotoxicity via greater cochlear and hair cell uptake of aminoglycosides and/or signaling downstream of TRPV1. These hypotheses can now be further tested in corresponding preclinical models at key steps along the TLR4 signaling pathway regulating TRPV1 activity (32) and subsequent activity downstream of TRPV1, e.g., NOX3 (13) . It will be important to verify whether the activation of TLR4 that leads to increased TRPV1 expression and activity in OHCs is the same as in other model systems (25, 32) . It will also be crucial to determine whether LPS-enhanced GTTR uptake in wild-type OHCs (over and above those from Pcdh15 KO mice) is indicative of TLR4-or TRPV1-mediated sensitization of TMC1 channels, as for TLR4-mediated sensitization of TRPV1 (25) . Such sensitization could establish how noise trauma that induces temporary threshold shifts can lead to enhanced GTTR uptake by OHCs (28, 42) .
Although cochlear expression of TRPV1 mRNA and protein was up-regulated 24 hours after LPS exposure, increased TRPV1 immunofluorescence could not be detected in spiral ganglion neurons in vivo. This is inconsistent with up-regulated TRPV1 expression in spiral ganglion neurons following chronic kanamycin treatment (33). Kitahara et al. (33) did not observe increased renal expression of TRPV1 following chronic kanamycin treatment. Here, LPS increased renal TRPV1 immunofluorescence ( fig. S5 ), without correspondingly enhanced GTTR uptake, in proximal tubule cells (5) . This contrast between increased TRPV1 expression without greater GTTR uptake was replicated in supporting cells adjacent to OHCs; yet, OHCs had increased TRPV1 expression and enhanced GTTR fluorescence. These observations further support the hypothesis that agonists can have differential effects on TRPV1 activity and expression in different cell populations, as shown previously for assorted vascular beds (38) .
The notable preservation of auditory function and hair cell survival following kanamycin treatment (with or without LPS) in heterozygous Trpv1 (as in Trpv1 KO) mice is suggestive of a dominant phenotypic effect for this mutant Trpv1 allele. Only when the tetrameric TRPV1 channel (37) contains four wild-type TRPV1 subunits would the channel be functional in these Trpv1 +/− mice (a probability of 1/16); otherwise, the channel would be dysfunctional due to the perturbed pore-loop region in one or more participating subunits. Immunolabeling suggests that the truncated TRPV1 subunit could participate in the assembly of nonfunctional channels and localize in similar locations throughout the cell ( fig. S10 ). Assembly of TRPV1 channels is complex and can potentially recruit other TRP subunits, such as TRPV4, resulting in heteromultimerization (43, 44) . Nonetheless, channelopathies involving one or more dysfunctional TRPV1 subunits provides one rational explanation for the similarities in audiometric and hair cell survival data from heterozygous and Trpv1 KO mice during kanamycin ototoxicity (with or without LPS; Fig. 8 ). Mutations downstream of TLR4, and/or TRPV1, that diminish pro-apoptotic STAT1 levels (20, 35) may underlie the ability of a significant fraction of individuals with cystic fibrosis who maintain typical hearing thresholds despite high cumulative aminoglycoside dosing (45) . If this interpretation is correct, then attenuating TRPV1 activity during aminoglycoside dosing could effectively ameliorate drug-induced hearing loss, as for cisplatin (20, 35) .
CONCLUSION
We show that TRPV1 facilitates cellular uptake of aminoglycosides. Pro-inflammatory signaling via TLR4 enhanced cochlear expression of TRPV1, increasing hair cell uptake of aminoglycosides and subsequent cochleotoxicity that was abolished in heterozygous Trpv1 +/− and Trpv1 KO mice. Thus, TLR4-mediated up-regulation of TRPV1 represents one mechanism that inflammation can enhance aminoglycoside-induced ototoxicity.
MATERIALS AND METHODS
Study design
The objective was to test the hypothesis that TRPV1 expression facilitated cellular uptake of aminoglycosides. We then tested whether LPS-induced inflammation up-regulated cochlear expression of TRPV1 and uptake of GTTR. We then verified that LPS-induced cochlear expression was required to exacerbate aminoglycosideinduced ototoxicity using a well-established protocol for C57BL/6 mice (3). All experiments followed the Animal Research: Reporting of In Vivo Experiments (ARRIVE) reporting guidelines (46) .
Cell culture and generation of KPT2-Trpv1 cell line
MDCT cells were purchased from the American Type Culture Collection (CRL-3250, Manassas, VA). Mouse kidney proximal tubule (KPT2 and KPT11) and distal tubule (KDT3) cell lines were generated previously (16, 17) . Mouse TRPV1 cDNA (Open BioSystems, Lafayette, CO) was amplified by polymerase chain reaction (PCR) using primers 5′-TTT GAA TTC GCC ACC ATG GAG AAA TGG GCT AGC-3′ and 5′-CCC GTC GAC CAT GGA ATC CTT GAA GAC-3′, digested with Eco RI/Sal I, and subcloned into pBabe-puro vector. The resultant plasmid (or empty vector) was transfected into Phoenix-ECO packaging cells using Lipofectamine 2000 (Invitrogen). After 48 hours, the medium containing retrovirus was collected, diluted with growth medium, and added to parental KPT2 cells in culture medium. Culture medium was changed after 24 hours, and puromycin was added in fresh culture medium (2.5 g/ml) to select for retrovirus-infected cells. From dozens of surviving cells after several days of puromycin treatment, several KPT2-pBabe or KPT2-Trpv1 clones were selected and expanded as described previously (16, 17) before use for uptake experiments as described below. All cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) at 37°C with 5% CO 2 , without streptomycin or penicillin.
Immunoblotting
Immunoblots were performed as previously described (16) . Briefly, total protein extracts were prepared by homogenizing tissues in lysis buffer with protease inhibitor (Sigma-Aldrich, MO). Proteins in lysis buffer were mixed with SDS sample buffer, resolved in an SDS-polyacrylamide gel, and transferred to polyvinylidene fluoride membrane. After immunoblocking, membranes were incubated overnight with TRPV1 rat polyclonal antibody (cat# ACC-030; Alomone Labs, Jerusalem, Israel) or actin rabbit polyclonal antibody (cat#A2103; Sigma-Aldrich) at 4°C. After incubating with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 hour, chemiluminescence with SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific, Waltham, MA) was used to detect protein expression (47) .
Immunofluorescence for TRPV1
Cells fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature were washed in DPBS, permeabilized with 0.5% Triton X-100 in DPBS for 30 min, immunoblocked in 10% goat serum in 1% bovine serum albumin (BSA) in PBS for 30 min, and incubated with TRPV1 antisera at 4°C overnight. After washing with immunoblock buffer, cells were incubated with Alexa Fluor 488-conjugated goat anti-rabbit antisera (20 mg/ml) (Invitrogen, Carlsbad, CA) for 60 min, washed, post-fixed with 4% PFA, rinsed, and mounted under coverslips with VectaShield (Vector Labs, CA).
Conjugation and purification of GTTR
Purified GTTR conjugate was produced as previously described (14) . Briefly, an excess of gentamicin in 0.1 M potassium carbonate solution (pH 10) was mixed with TR succinimidyl esters (Invitrogen, CA) to minimize the possibility of over-labeling individual gentamicin molecules with more than one TR molecule and to preserve the polycationic nature of the conjugate, as previously described. After conjugation, reversed-phase chromatography, using C-18 columns (Grace Division, Discovery Science, IL), was used to purify the conjugate GTTR from unconjugated aminoglycosides and potential contamination by unreacted TR (27) . The purified GTTR conjugate was aliquoted, lyophilized, and stored desiccated in the dark at −20°C until required.
GTTR uptake studies and confocal microscopy Cells plated overnight on eight-well chambered coverslips were rinsed with cell medium twice and incubated with GTTR (5 g/ml) (gentamicin base) in cell culture medium with 1.8 mM Ca 2+ (#11960-DMEM; Gibco by Life Technologies, Thermo Fisher Scientific, Waltham, MA) for 30 s at room temperature to preclude endocytosis. Cells were rinsed with DPBS three times to remove GTTR from extracellular media before fixation with 4% PFA containing 0.5% Triton X-100 (FATX) for 30 min and washed with DPBS. The cellular distribution of GTTR fluorescence was examined using a Bio-Rad 1024 ES scanning laser system (5, 27) . For each individual set of images to be compared, the same confocal settings were used, with two acquisition images per well, two wells per experimental condition, and each experiment performed at least three times to confirm consistency of experimental data. GTTR fluorescent pixel intensities were obtained by the histogram function of the Fiji software after removal of nuclei and intercellular pixels using Adobe Photoshop. Pixel intensities were statistically compared within each set of images per experiment and not compared between different experiments due to varying acquisition settings for replicate experiments to obtain the best dynamic range. To normalize data between experimental sets, the mean intensity was radioed against the control standard and plotted (17) .
GTTR and gentamicin uptake studies and ELISAs
Cells plated in 60-mm dishes were incubated with GTTR (5 g/ml), or native gentamicin (1 mM), for 30 s at 37°C, with 5% CO 2 . Cells were then homogenized, diluted and centrifuged, and protein was extracted for ELISA. Measurement of total gentamicin levels was determined according to the manufacturer's instructions (EuroProxima, Arnhem, The Netherlands).
TRPV1 agonists and antagonists
Cells plated on chambered coverslips were incubated with GTTR (5 g/ml) or native gentamicin (1 mM 2+ . Cells were also immunolabeled for TRPV1, or prepared for ELISAs, as described above.
Bactericidal efficacy in the presence of agonists and antagonists
Escherichia coli were grown in Luria-Bertani (LB) broth [1 liter of distilled water, 10 g of tryptone, 5 g of yeast extract, and 10 g of sodium chloride (pH 7.2 ± 0.2)] at 37°C and shaken at 120 rpm for at least 16 hours. Aliquots of fresh LB broth (200 l) containing E. coli (typically 100 l of LB broth at an optical density of 0.2), gentamicin (4 g/ml, final concentration), capsaicin (15 M, final concentration), capsazepine (15 M, final concentration), RTX (5 nM, final concentration), I-RTX (100 nM, final concentration), or vehicle were incubated at 37°C for 24 hours in a Tecan Genios Pro plate reader. The optical density was measured hourly at 595 nm, and corresponding growth (kill) curves were constructed.
Cell viability measurements
Cell viability was determined by the reduction of MTT, an indicator of mitochondrial dehydrogenase activity, as previously described (17) . KPT2, KPT2-pBabe, and KPT2-Trpv1 cells were plated at 3000 cells per well in a 96-well plate overnight. Cells were treated with gentamicin (5 or 10 mM), with or without capsaicin (3 or 15 M), or capsazepine (3 or 15 M) in culture medium for 3 hours. Subsequently, 20 l of MTT solution (5 mg/ml) was added to each well, and cells were incubated for 4 hours at 37°C, 5% CO 2 . Culture medium was then replaced with 200 l of dimethyl sulfoxide (DMSO) and the optical density was recorded at 540 nm with background subtraction at 660 nm. Cell viability was determined by the reduction of MTT, an indicator of mitochondrial dehydrogenase activity, as previously described (17) . Student's t test was used for statistical analysis (17) .
TRPV1 siRNA transfection
MDCT cells were plated at 3000 cells per well in an eight-well plate or 60-mm dishes. After overnight incubation to allow cells to attach to the plate or dish, cells were treated with siRNA (Ambion, Thermo Fisher Scientific, MA) for TRPV1 or control siRNA (Invitrogen, CA). Transfection of siRNA was performed using Lipofectamine RNAiMAX (Invitrogen, CA). After 24 hours, transfected cells were fixed and immunoprocessed for TRPV1 immunofluorescence or homogenized for reverse transcription PCR (RT-PCR).
Cochlear coil explants
Colony-founding Pcdh15 +/− and Pcdh15 KO mice (22, 24) were purchased from the Jackson Laboratory (stock#: 002072). Four-day-old Pcdh15 +/− and Pcdh15 KO pups were anesthetized with ice for 15 min and decapitated. Cochleae were excised and rinsed in cold, sterile PBS, and cochlear coils containing organ of Corti were randomly divided into control or LPS groups. Explants were cultured in DMEM/F12 medium (Invitrogen) containing 10% FBS and ampicillin (0.05 mg/ml) for 24 hours and then treated with culture medium with or without LPS (1 g/ml) for 1 hour. After washing three times, explants were cultured at 37°C, 5% CO 2 for 24 hours, before incubation with GTTR (1 g/ml) for 30 min, washing, and 4% PFA fixation as described above. Alternatively, explants were immunoprocessed for TPRV1 immunofluorescence as described above.
In vivo studies
Colony-founding C57BL/6, Tlr4
, or Trpv1 KO mice were obtained from the Jackson Laboratory [stock#: 007227 (Tlr4 KO) or 003770 (Trpv1 KO)]. Mice (15 to 25 g, 4 to 8 weeks old) were randomly assigned into control (DPBS) or experimental (LPS) groups. Mice received a tail vein injection of DPBS (50 l/10 g) or LPS (1 mg/kg), followed by an intraperitoneal injection of GTTR (2 mg/kg) 24 hours later. One hour after GTTR injection, mice were cardiacperfused with DPBS, followed by 4% PFA in DPBS. Cochleae or renal tissues were then excised and immersion-fixed in 4% PFA (5) . Fixed tissues were permeabilized with 0.5% Triton X-100 for 45 min, washed, processed for TRPV1 immunofluorescence as described above, washed and counter-labeled with Alexa Fluor 488-conjugated phalloidin, postfixed for 15 min, and washed. Organ of Corti tissues were mounted under coverslips with VectaShield and imaged using a Bio-Rad MRC 1024 ES laser scanning confocal system attached to a Nikon Eclipse TE300 inverted microscope (5) . Additional wild-type, Trpv1 +/− , Trpv1 KO, or TLR4 KO mice treated with DPBS or LPS, administered GTTR (2 mg/kg) as appropriate, were fixed 24 hours later before processing for TRPV1 immunofluorescence by confocal microscopy as needed.
For serum and cochlear ELISAs, C57, Trpv1
, and Trpv KO mice received a tail vein injection of DPBS or LPS, followed by an intraperitoneal injection of gentamicin (20 g/g) 24 hours later, as described above. One or 3 hours after gentamicin injection, cardiac blood samples were obtained before cardiac perfusion with DPBS followed by 4% PFA, and cochleae were excised and frozen at −20°C. Serum and homogenized cochleae were diluted and centrifuged, and protein was extracted as needed for ELISA. Total gentamicin levels in serum and cochlear tissues were determined according to the manufacturer's instructions (EuroProxima, Arnhem, The Netherlands).
PCR and mRNA studies C57BL/6 J, Trpv1 −/− , and Tlr4 −/− mice were randomly grouped and treated with LPS or DPBS for 24 hours. After perfusion with DPBS, excised cochlea samples were placed in RNAlater (Ambion) and stored at −80°C. Tissue RNA was extracted from homogenization of whole cochlea, quantified by absorbance at 260 nm, normalized, reverse-transcribed using an RT 2 first strand kit (QIAGEN), and prepared for RT-PCR using custom PCR arrays optimized for reaction conditions, Trpv1 primer (Bio-Rad), and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) primer (QIAGEN). Each sample was run and analyzed in triplicate, and the Ct values for Trpv1 were subtracted from the Ct values of GAPDH to yield Ct values. The average Ct was calculated for the control group, and this value was subtracted from the Ct of all other samples (including the control group). This resulted in a Ct value for all samples, which was then used to calculate the fold induction of the mRNA levels of Trpv1 using the formula 2 −Ct .
Auditory brainstem responses
ABRs to pure tones were used to ensure normal cochlear function before toxicity studies and determine threshold shifts following kanamycin treatment (17) . Briefly, needle electrodes were placed subcutaneously below the test ear, at the vertex, with a ground electrode near the paw. Each ear of each anesthetized mouse was stimulated individually with a closed tube sound delivery system sealed into the ear canal. The ABR to 1-ms rise-time tone burst stimuli at 4, 8, 12, 16, 24, 32, and 48 kHz was recorded, and thresholds were obtained for each ear. Only mice with normal bilateral, baseline ABR thresholds were used.
Ototoxicity studies
For toxicity studies, C57BL/6 (wild type), Trpv1 +/− , or Trpv1 KO mice (4 to 6 weeks old) were randomly divided into four groups per strain: (i) DPBS only, (ii) LPS only, (iii) kanamycin only, and (iv) LPS plus kanamycin. Mice received kanamycin (850 mg/kg) (or an equal volume of DPBS) twice daily subcutaneously for 15 consecutive days (3). Mice received a tail vein injection of LPS (1 mg/kg) [or DPBS (50 l/10 g)] the day before kanamycin treatment and on the 5th and 10th day during kanamycin treatment (5) . ABRs were obtained before kanamycin treatment and 1 and 21 days after kanamycin treatment before cardiac perfusion and fixation as described above, followed by processing for Alexa Fluor 488 phalloidin and Hoechst nuclear labeling, followed by whole-mounting of cochlear coils for confocal imaging with an Olympus FV1000 confocal microscope for hair cell apices and nuclei. Naïve operators blinded to treatment groups constructed cytocochleograms counting the presence or absence of hair cells along the length of the cochlea in ImageJ software (3, 5) . The frequency map and the length of each cochlea were obtained using the Measure Line and MosaicJ plugins in the ImageJ software.
Statistical analyses
Statistical analyses were chosen on the basis of data under analysis. In brief, Student's unpaired t test was used for GTTR or TRPV1 fluorescence intensity analyses, as well as for gentamicin or GTTR ELISA studies. For ABR analyses, we used two-way ANOVA with Tukey's post hoc tests. The statistical analyses used, number of replicate measurements, or mice are stated in each figure legend, and P values <0.05 were considered significant. A two-way ANOVA using Bonferroni post hoc multiple comparison test correction was used for cytocochleograms to test for differences between groups.
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